Galacto-N-biose/lacto-N-biose I phosphorylase (GLNBP) is the key enzyme in the enzymatic production of lacto-Nbiose I. For the purpose of industrial use, we improved the thermostability of GLNBP by evolutionary engineering in which five substitutions in the amino acid sequence were selected from a random mutagenesis GLNBP library constructed using error-prone polymerase chain reaction. Among them, C236Y and D576V mutants showed considerably improved thermostability. Structural analysis of C236Y revealed that the hydroxyl group of Tyr236 forms a hydrogen bond with the carboxyl group of E319. The C236Y and D576V mutations together contributed to the thermostability. The C236Y/D576V mutant exhibited 208 8 8 8 8C higher thermostability than the wild type.
Introduction
Phosphorylases are useful in selective production of various oligosaccharides (Kitaoka and Hayashi, 2002; Nakai et al., 2013) . 1,3-b-Galactosyl-N-acetylhexosamine phosphorylase (EC 2.4.1.211) reversibly phosphorolyzes galacto-N-biose (Galb1, 3GalNAc, GNB) and/or lacto-N-biose I (Galb1,3GlcNAc, LNB) to form a-galactose 1-phosphate (Gal1P) and the corresponding N-acetylhexosamine. The enzyme was first identified in the cell-free extract of Bifidobacterium bifidum (DerensyDron et al., 1999) . The first cloning of the gene from Bifidobacteirum longum subsp. longum JCM1217 revealed that the enzymes should be classified into the new glycoside hydrolase family (GH) 112 (Kitaoka et al., 2005) in the CAZy database (Cantarel et al., 2009) . The members of EC 2.4.1.211 should be categorized as one of the following: (1) GNB/LNB phosphorylase (GLNBP) active similarly on GNB and LNB (Kitaoka et al., 2005; Nishimoto and Kitaoka, 2007b; Nakajima et al., 2009b; Chen et al., 2011) , (2) GNB phosphorylase (GNBP) active only on GNB (Nakajima et al., , 2009a Chen et al., 2011) , or (3) LNB phosphorylase (LNBP) active only on LNB . The GH 112 includes another phosphorolytic enzyme for b-galactoside with a different EC number, b-D-galactosyl-(1!4)-L-rhamnose phosphorylase (EC 2.4.1.247, GalRhaP) (Nakajima et al., 2009b (Nakajima et al., , 2010 . Mutational analysis of GLNBP based on its structure (Hidaka et al., 2009) revealed the residues that determined substrate specificities of the GH 112 enzymes (Nishimoto et al., 2012) .
All the characterized GH 112 enzymes from the genus Bifidobacterium are GLNBP (Derensy-Dron et al., 1999; Kitaoka et al., 2005; Nishimoto and Kitaoka, 2007b; Yu et al., 2010) . They are the key enzymes probably responsible for predominant growth of bifidobacteria in the gut of breast-fed infant Xiao et al., 2010) . The gene encoding GLNBP from B. longum subsp. longum JCM1217 (lnpA) is located in a gene cluster encoding a specific pathway for utilization of GNB and LNB (Nishimoto and Kitaoka, 2007a) as well as the ABC transporter specific to them (Wada et al., 2007; Suzuki et al., 2008) . Most infant-associated species of Bifidobacterium possess lnpA, whereas this gene has not been found in any strains of Bifidobacterium adolescentis and Bifidobacterium catenulatum, the major Bifidobacterium species in the adult intestine (Xiao et al., 2010) . LNB is a major structural disaccharide in the core structures of human milk oligosaccharides, and the extracellular enzymes that release LNB from human milk oligosaccharides have been isolated from B. bifidum (Katayama et al., 2004; Wada et al., 2008; Ashida et al., 2009; Kiyohara et al., 2011) . Therefore, some authors have suggested that LNB represents the bifidus factor in human milk (Fushinobu, 2010; Kitaoka, 2012) .
We previously reported a technique for enzymatic production of LNB from sucrose and GlcNAc by means of sucrose phosphorylase (SP, EC 2.4.1.7), UDP-glucose-hexose 1-phosphate uridylyltransferase (GalT, EC 2.7.7.12), UDP-glucose-4-epimerase (GalE, EC 5.1.3.2), and GLNBP (Nishimoto and Kitaoka, 2007c ). This method is efficient and produces 1.9 kg LNB in a one-pot reaction at 10-L scale. The method can be used for production of GNB if GlcNAc is substituted with GalNAc ). Because LNB stimulates the growth of only specific species of Bifidobacterium, such as infant-associated species Xiao et al., 2010) , industrial production of LNB is worthwhile.
Industrial production of LNB requires thermostable enzymes because the reaction should be performed at elevated temperatures such as higher than 508C for faster reaction and prevention of microbial contamination. Several authors have constructed thermostable SPs through directed evolution (Fujii et al., 2006; Cerdobbel et al., 2011) . GalE and GalT are widespread in microorganisms, including thermophiles, because these enzymes are involved in the Leloir pathway, which plays a major role in galactose metabolism (Holden et al., 2003) .
GLNBPs from Bifidobacterium are mesophilic enzymes. Because GH 112 enzymes have not been found in thermophiles, it will be difficult to find thermostable GLNBP in nature. In this study, we employed evolutionary engineering to try to enhance the thermostability of GLNBP for the production of LNB and GNB.
Materials and methods

Materials
Dipotassium salt of Gal1P was purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). LNB was prepared as described previously (Nishimoto and Kitaoka, 2007c) . The vector pET28a was obtained from Novagen (Madison, WI, USA). Escherichia coli BL21 (DE3) (Novagen) was used for the production of GLNBP and its mutants.
Construction of a random mutation library
Random mutations were introduced into the amplification product during error-prone polymerase chain reaction (PCR). The universal primers for T7 promoter 5 0 -TAATACGACTCA CTATAGG-3 0 and T7 terminator 5 0 -GCTAGTTATTGCT CAGCGG-3 0 were used to amplify the gene encoding GLNBP from the plasmid pET28-lnpA containing the gene of GLNBP from B. longum subsp. longum JCM1217 (Kitaoka et al., 2005) . The reaction mixture for 50 ml error-prone PCR contained 0.1 mM MnCl 2 , 1Â EX Taq buffer, 0.2 mM dNTP mixture, 400 pmol of each primer, 10 ng of pET28a-lnpA and 1.25 units of EX Taq DNA polymerase (Takara Bio Inc., Otsu, Japan). After denaturation for 5 min at 958C, the PCR was run for 35 cycles of 958C for 30 s, 508C for 30 s, and 728C for 2 min 30 s, with a final extension step at 728C for 7 min. The error-prone PCR products were purified using a MinElute Reaction Cleanup Kit (Qiagen N. V., Venlo, Netherlands). A random mutation library was then constructed using joint PCR in the following three steps: (1) Joint PCR was carried out under the following conditions: a 50-ml reaction mixture containing 300 pmol of each primer (5 0 -CTCGAGCACCACC ACCACCACCACTGAGAT-3 0 and 5 0 -GGCTTCACGCCATG CGATGCCGCTGTC-3 0 designed using the forward pET28a sequence from the XhoI site and the reverse sequence of the inserted gene in pET28a-lnpA slightly beyond the additional XhoI site), 50 ng of pET28a predigested by NcoI and XhoI, 100 ng of error-prone PCR products, 1Â PCR Buffer for KOD -Plus-, 0.2 mM dNTPs, 1.0 mM MgSO 4 , and 1.0 unit of KOD -Plus-(Toyobo, Osaka, Japan). After denaturation for 5 min at 958C, the PCR was run for 10 cycles (958C for 30 s and 688C for 8 min), with a final extension step at 688C for 15 min. (2) Self-ligation of PCR products was performed via a reaction with T4 polynucleotide kinase and T4 DNA ligase (Takara Bio Inc.). (3) The ligated PCR product was introduced into electro-competent cells of E. coli BL21 (DE3) by electroporation.
Screening for mutants acquiring thermostability
Strategy of the screening for thermostable mutants is illustrated in Supplementary Fig. S1 . Each colony resulting from the transformation was picked and inoculated in a single well of a sterile v-shaped 96-well microplate with a lid (Watson Co., Tokyo, Japan) containing 150 ml of Luria-Bertani (LB) medium supplemented with 100 mg/ml kanamycin and 0.02 mM isopropyl-1-thio-b-D-galactoside (IPTG) and then cultured for 18 h at 308C without shaking. After the cultivation, each mutant in the microplate was replicated on an LB-agar medium containing kanamycin prepared in a square plate by using a disposable sterile 96-pin replicator (Watson Co.). The microplate was centrifuged at 5000Âg for 20 min, and supernatants were removed by aspiration. To each well, 10 ml of BugBuster Master Mix (Novagen) and 20 ml of H 2 O were added to resuspend the cells. GLNBP was extracted by incubating for 15 min at 258C. Each lysate was diluted with 120 ml of 50 mM MOPS-Na buffer (pH 7.0), and the cell debris were removed by centrifugation at 5000Âg for 20 min. An aliquot (100 ml) of each supernatant was transferred to a well of a 96-well PCR plate (Watson Co.) and incubated at 558C for 30 min in a water bath. The plate was chilled on ice for 5 min immediately after incubation. Enzymatic activity was quantified by continuous quantification of Gal1P (Nihira et al., 2007) produced from a 200-ml mixture of 10 mM LNB with 10 mM phosphate in 50 mM MOPS-Na buffer (pH 7.0) with 0.25 mM thio-NAD þ (Oriental Yeast Co., Tokyo, Japan), 0.25 mM UDP-glucose, 5 mM glucose 1,6-bisphosphate, 0.2 U/ml GalT (Nishimoto and Kitaoka, 2007c) , 2.5 U/ml phosphoglucomutase (Oriental Yeast Co.), and 2.5 U/ml glucose 6-phosphate dehydrogenase from Leuconostoc mesenteroides (Oriental Yeast Co.) in a well of a flat-bottom 96-well microplate at 308C using a temperaturecontrolled microplate reader, Multiskan GO (Thermo Fisher Scientific, Waltham, MA, USA) by measuring the increase in the absorbance at 400 nm.
The plasmid of each candidate was extracted from the corresponding colony on the replica plate to determine the errors in the nucleotide sequence. The nucleotide sequences of the inserts were determined using a BigDye terminator v3.1 Cycle Sequencing Kit and a 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
Site-directed mutagenesis
Single-point substitutions were generated with a KOD Mutagenesis Kit (Toyobo) in accordance with the manufacturer's instructions, using pET28-lnpA as a template and the primers listed in Supplementary Table SI. Multiple mutations were produced using the same method and an appropriate plasmid of mutant GLNBP as a template.
Protein production and purification
To analyze thermostability and activity, the mutant enzymes were purified as follows. Bacteria containing the mutant and wild-type plasmids were cultivated at 308C by shaking a 500-ml flask with 100 ml of LB medium containing 100 mg/ml kanamycin until an optical density of 0.5 at 600 nm. Protein production was then induced by addition of IPTG to the culture to a final concentration of 0.5 mM, followed by further incubation for 20 h (308C) with shaking. The cells were precipitated by centrifugation at 5000Âg for 15 min. The pellet was lysed using 2 ml BugBuster Master Mix (Novagen) in accordance with the manufacturer's instructions. The cell lysate was diluted with 4 ml Native IMAC lysis buffer (600 mM KCl, 100 mM KH 2 PO 4 , and 10 mM imidazole, pH 8.0) and 2 ml H 2 O, and the cell debris were removed by centrifugation at 6500Âg for 20 min. Seven milliliter of the crude enzyme solution was then used for purification by Immobilized Metal Ion Affinity Chromatography (IMAC) using the Profinia Protein Purification System (Bio-Rad, Hercules, CA, USA) with Profinia IMAC Purification Kit (Bio-Rad) and 50 mM MOPS-Na buffer (pH 7.0) as the desalting buffer. The concentration of the purified enzyme was calculated from the theoretical A 280 , (1.83 l/g cm), based on the amino acid composition of GLNBP.
Inactivation rate
Inactivation rates of the purified enzymes were measured as follows. Each purified enzyme was diluted to 0.1 mg/ml in 50 mM MOPS-Na buffer ( pH 7.0). Four aliquots of each diluted enzyme (100 ml) were incubated at temperatures between 458C and 72.58C for 7.5, 15, 22.5, and 30 min, respectively. Immediately after the incubation, the heat-treated enzymes were placed on ice for 3 min. Residual activity was determined using the method of Nihira et al. (2007) . The inactivation rate (k) was determined by curve-fitting the experimental data of the residual activities on the heating time using the following equation by Grafit ver. 7:
where A is residual activity and A 0 initial activity.
Temperature-activity profile GLNBP activity was determined by measuring the increase in the phosphate concentration of a reaction mixture containing 10 mM Gal1P and 10 mM GlcNAc in 100 mM MOPS buffer ( pH 7.0) at various temperatures between 30 and 608C by the method of Lowry and Lopez (1946) , as described below. The substrate solution was preincubated at an analytical temperature and then mixed with 7.5 ml of an enzyme solution kept at room temperature to make the final reaction mixture [150 ml total volume, 10 mM Gal1P and 10 mM GlcNAc in 100 mM MOPS-Na buffer ( pH 7.0)] and to start the reaction. Aliquots of 12.5 ml were obtained at 5-min intervals, and 200 ml of 200 mM sodium acetate ( pH 4.0) was added to stop the enzymatic reaction. Then, 12.5 ml of 1% ammonium molybdate containing 25 mM sulfuric acid and 12.5 ml 1% ascorbic acid containing 0.05% potassium bisulfate were added and mixed with the samples. The mixtures were incubated at 378C for 1 h, and absorbance at 700 nm was determined.
Structural analysis of the mutants
A crystal of the C236Y mutant was grown and stored in a cryoprotectant, as described for the wild type (Hidaka et al., 2009 ). An X-ray diffraction dataset was collected using synchrotron radiation (Beamline NW12; Photon Factory, Tsukuba, Japan). Data processing, model correction, and refinement were performed using the programs HKL2000 (Otwinowski and Minor, 1997) , Coot (Emsley and Cowtan, 2004) , and Refmac5 (Murshudov et al., 1997) . Statistics for data collection, processing, and refinements are given in Table I . The figures were prepared using PyMol (DeLano Scientific, USA).
Results
Conditions for screening
The E. coli strain BL21 harboring wild-type pET-lnpA was inoculated in all wells of a 96-well microplate and cultivated under the conditions stated in Materials and methods. The average activity of GLNBP in the 96 wells of the plate was 0.94 + 0.29 U/ml. Standard deviation was 35% of the average activity. After heat treatment at 558C for 30 min, the average ratio of the residual activity against the activity before heating was 1.1 + 0.8%.
Screening for thermostable GLNBP mutants
From the expression library of randomly mutated GLNBP constructed by error-prone PCR, approximately 5000 clones were examined for high residual activity after the heat treatment. The rate of mutagenesis was estimated to be between 2 and 5 mutations per 1000 bases. In the first screening, 182 mutants showed higher residual activities than the wild type. Sequence analysis revealed 17 possible mutations in the amino acid sequence. Finally, five significantly thermostable mutants, C236Y, R290H, G437S, N506S and D576V, were chosen because they exhibited considerably higher residual activity compared with the wild type after heating at 558C for 30 min. The specific activity and inactivation rate of each mutant at 558C are shown in Table II . R290H, G437S and N506S showed lower inactivation rates than the wild type. C236Y and D576V were not inactivated at 558C. The triple mutant R290H/G437S/N506S had a smaller inactivation rate compared to each single mutant, but the inactivation was much faster than those of C236Y and D576V. It should be noted that C236Y showed a 1.6-fold higher specific activity than the wild type (Table II) . We thus focused on examining the effects of mutations at C236 and D576.
Effects of mutations at C236 and D576
We selected five more substitutions (E, F, H, P and W) to investigate the effects of a mutation at C236. As shown in Table II , no stabilization was observed with C236H, C236P, C236W, and C236E. C236F was more thermostable than the wild type but lesser than C236Y (Table II) . It should be noted that, similar to C236Y, C236F showed higher specific activity than the wild type. These results suggest that both the benzene ring and phenolic hydroxyl group of tyrosine are involved in the stabilization by substitution at C236.
To investigate the effects of a substitution at D576, eight more hydrophobic amino acids (A, G, I, L, M, P, F and W) were tested. All the eight substitutions increased the thermostability. The substitutions by small amino acids (D576A and D576G) were less effective at enhancing thermostability compared with D576V. In contrast, replacements with bulky amino acids (D576F and D576W) caused decreases in the specific activity (Table II) . D576I, D576L and D576M were approximately as thermostable as D576V (Table II) . The double mutant C236Y/D576V was stable below 658C, more stable than each single mutant as shown in Table II and Fig. 1 . C236Y/D576I, C236Y/D576M and C236Y/D576L had similar stability at 67.58C (Table II) .
GLNBP activity of the mutants at various temperatures
Activities of the wild type and three mutants (C236Y, D576V and C236Y/D576V) were analyzed at various temperatures, as shown in Fig. 2 . The wild type and C236Y showed maximum activity at 558C. Their activities considerably decreased above 558C, although C236Y was stable below 608C. On the other hand, D576V and C236Y/D576V showed maximum activities at 458C, which is within their stable ranges. Their specific activities gradually decreased from 45 to 608C. Other mutants at D576, including double mutants, showed temperature -activity curves similar to those of D576V and C346Y/D576V (data not shown).
Crystallography of C236Y
We determined the crystal structure of the C236Y mutant. In the overall structure, there were no remarkable differences between the mutant and the wild type; the root mean square deviation (rmsd) for Ca atoms was 0.18 Å . In the wild-type structure, a large cavity was detected adjacent to C236 (Fig. 3A) . When a crystal of the wild-type enzyme soaked into cryoprotection buffer, ethylene glycol (a cryoprotectant) was accessible to the cavity. In C236Y, the cavity was partially filled by a bulkier hydrophobic side chain of Y236 (Fig. 3B ).
In addition, the distance between the phenolic oxygen of Y236 and carboxylate oxygen of E319 was 2.7 Å , indicating formation of a hydrogen bond.
Discussion
We developed a strategy employing a 96-well microplate for effective selection of thermostable mutants from a randomly mutated expression library to improve the stability of GLNBP ( Supplementary Fig. S1 ). To use the method successfully, the following three points are important:
(1) Stable productivities of GLNBP during cultivation in the wells of the microplate (2) Conditions for thermal inactivation to obtain proper residual activity (3) Colorimetric quantification of the enzymatic activity in the microplate Eventually, we optimized the conditions and evaluated thermostability of approximately 5000 clones within 3 months. This method may be effective for other enzymes whose activities can be measured in a 96-well microplate. We identified two mutations (C236Y and D576V) that improved the thermostability by 12.5 and 108C, respectively, based on the highest temperature at which more than 90% of the activity remained after the incubation for 30 min. The double mutant C236Y/D576V was stable until 658C, indicating improvement by 208C. This is quite interesting because single mutations normally do not improve thermostability as much (Fujii et al., 2006; Cerdobbel et al., 2011) .
Some thermostable proteins achieve stability through packing and reduction in the solvent-accessible surface (Zhu et al., 1998; Vieille and Zeikus, 2001) . The crystal structure of C236Y suggests that the mutants C236F and C236Y are more thermostable because they have a bulkier hydrophobic side chain that fills a solvent-accessible cavity. The crystal structure of C236Y also revealed that the phenolic oxygen of tyrosine forms a hydrogen bond with E319, explaining the increase in stability. Enhancement of thermostability due to formation of a new hydrogen bond has been reported in a number of papers (Minagawa et al., 2003; Andrews et al., 2004; Xie et al., 2006) . E319 locates away from the catalytic center and forms bidentate interaction with R531 in the structure of the wild type (Fig. 3A) . The bidentate interaction may be important for maintaining the structure of the protein because E319Q mutation caused a drastic decrease in the activity (Nishimoto and Kitaoka, 2007b) . C236Y mutation did not affect the interaction significantly (Fig. 3B) .
The cysteine residue is conserved in GLNBP of Bifidobacterium, but tyrosine is conserved in other GH 112 proteins (GLNBP, GNBP, LNBP and GalRhaP) in various bacteria from genera other than Bifidobacterium (Fig. 4) . On the other hand, E319 is fully conserved in all GH 112 enzymes (Nishimoto and Kitaoka, 2007b) , and R531 is mostly conserved (Fig. 4) . This suggests the frequent occurrence of the hydrogen bond between the tyrosine and glutamic acid residues, except in bifidobacterial GLNBPs. The hydrogen bond may contribute to the stability of these GH 112 enzymes. It should be noted that no GH 112 enzyme has been reported to be considerably more thermostable than bifidobacterial GLNBPs (Supplementary  Table SII ), although they might possess the hydrogen bond.
Substitution of D576 with hydrophobic amino acid residues improved thermal stability. D576 is located at an interface of the homodimer in GLNBP (Hidaka et al., 2009) . Unfortunately, crystallization of D576V was not successful, and it is still difficult to explain why this mutation increases stability. In other words, D576V is an excellent result obtained through random mutagenesis that is not available from rational design.
The temperature-activity curves of the mutants exhibit a considerable decrease in the activity within the temperature ranges corresponding to stability. C236Y and D576V show their maximum activities at 558C and 458C, respectively. These results suggest that the enzyme assumes an inactive conformation at a higher temperature that can be reconverted into the active conformation at lower temperatures. D576 mutants with small hydrophobic amino acid residues, including the combination mutants with C236Y, show similar temperatures for Thermostabilization of galacto-N-biose/lacto-N-biose I phosphorylase maximum activity, around 458C. Thus, the D576 mutation may decrease the temperature of transition from the active to inactive form.
In conclusion, we successfully increased the thermal stability of GLNBP by 208C using the random mutagenesis/screening method based on 96-well microplates.
Supplementary data
Supplementary data are available at PEDS online.
